The Chemical Weapons Convention prohibits the development, production, acquisition, stockpiling, retention, transfer or use of chemical weapons by Member States. Verification of compliance and investigations into allegations of use require accurate detection of chemical warfare agents (CWAs) and their degradation products. Detection of CWAs such as organophosphorus nerve agents in the environment relies mainly upon the analysis of soil. We now present a method for the detection of the nerve agent VX and its hydrolysis products by gas chromatography and liquid chromatography mass spectrometry of ethanol extracts of contaminated white mustard plants (Sinapis alba) which retained the compounds of interest for up to 45 days. VX is hydrolysed by the plants to ethyl methylphosphonic acid and then to methylphosphonic acid. The utility of white mustard as a nerve agent detector and remediator of nerve agent-polluted sites is discussed. The work described will help deter the employment of VX in conflict.
Introduction
The use of the organophosphorus (OP) nerve agent sarin in Syria [1] [2] [3] [4] to gruesome effect has highlighted the need for improved detection methods for OP nerve agents. The nerve agents sarin, soman and VX react with moisture in the environment to provide iPMPA, PMPA or EMPA. These acids react slowly with water with loss of isopropanol, pinacolyl alcohol, or ethanol to provide MPA. It was the discovery of sarin, iPMPA and MPA collectively by the United Nations investigating team, from analysis of soil samples collected after the 21 August 2013 attack on civilians in Ghouta in the Syrian Arab Republic, that confirmed that sarin-filled rockets had been deployed [2, 4] .
Prize [6] to its implementing body, the Organisation for the Prohibition of Chemical Weapons (OPCW), based in The Hague. The analysis of OP nerve agents and their degradation products is vital for verification of compliance to the CWC, which now has 190 member states. It is also essential for supporting the UK National Security Strategy, which highlights international terrorism affecting the UK or its interests, including chemical terrorism, as a Tier One risk [7] .
Detection of chemical warfare agents (CWAs) by OPCW designated laboratories supports the CWC. The Defence Science and Technology Laboratory (Dstl) at Porton Down has housed the UK Designated Laboratory since the CWC entered into force in 1997. Gas chromatography (GC) and liquid chromatography (LC), combined with mass spectrometry (MS), are established techniques for the detection and identification of OP nerve agents and related compounds, mostly in environmental samples [8] . Combining GC and LC-MS methods extends the range of analytes detectable in a single sample. Besides sarin (isopropyl methylphosphonofluoridate) and soman (pinacolyl methylphosphonofluoridate) [9] , one of the most hazardous nerve agents is VX (O-ethyl S-2-diisopropylaminoethyl methylphosphonothiolate) [10] . These agents react with moisture to give respectively the alkyl methylphosphonic acids: isopropyl methylphosphonic acid (iPMPA), pinacolyl methylphosphonic acid (PMPA) and ethyl methylphosphonic acid (EMPA) [11] [12] [13] and more slowly, methylphosphonic acid (MPA) [14, 15] (figure 1). Such products indicate the prior presence of the nerve agents. Sarin and soman have a greater volatility and reactivity to water than VX and persist for a shorter time in the environment [16, 17] . The hydrolysis products iPMPA, PMPA, EMPA and MPA are water-soluble and are retained by soil according to its composition, which varies widely [18] .
Vegetation absorbs nerve agents and their degradation products [19] [20] [21] [22] (but note the paucity of information available). It acts as a time capsule whose interrogation can reveal nerve agent use. Recently, we communicated a novel method for the detection of VX and its hydrolysis products EMPA and MPA through GC-and LC-MS of ethanol extracts of white mustard plants (Sinapis alba) grown in contaminated loam, which localized the compounds of interest, and retained them in an extractable form longer than the soil [23, 24] . This methodology could provide evidence of use of VX that would be unavailable from analysis of soil alone. Since then, we have extended the study to increase the power of detection (10 plants, rather than four, per experiment), doubled the time window available for detection (48 days instead of 28 days), examined VX absorption from different soils-sand, loam and clay-and studied whether the plants metabolize VX after uptake through the roots (versus absorbing VX and its degradation products from the soil). EMPA and MPA were spiked separately onto loam containing S. alba and the analytical results compared to those obtained from plants grown in VX spiked loam. The results presented should help attribute, and deter, aggressive nerve agent use.
Material and methods (a) Spiking chemicals
VX and EMPA of 98% purity by NMR spectroscopy ( 1 H, 13 C and 31 P nuclei) were synthesized at Dstl Porton Down [10, 11] . MPA was purchased from Sigma-Aldrich Ltd. (Dorset, UK) and used as received. Caution! VX is highly toxic and should be handled only by trained personnel in an appropriate containment facility under the terms of the CWC.
(b) Plant cultivation and harvest
Sinapis alba is a pollution-tolerant plant [25] that originates from the Mediterranean floral region. Nowadays, it grows wild globally and in cultivation, reaching dimensions of 60 × 30 cm in sand, loam and heavy soils of acidic, basic and neutral pH [26] . It is grown for its edible leaves and seeds, and as a green manure due to its rapid growth and coverage. The seeds grow close to the ground and have no endosperm; the food reserve comprises the fleshy cotyledons, which emerge from the soil and become photosynthetic [27] .
A standard seed tray (Grow It, 20 cell insert, Gardman, Lincs., UK) was filled to the top with one of three types of soil: clay (50% clay soil and 50% Levington Seed & Cutting Compost, The Scotts Miracle-Gro Company, Surrey, UK), loam (100% Levington Seed & Cutting Compost) or sandy soil (50% Kelkay Building Sand, East Yorkshire, UK, and 50% Levington Seed & Cutting Compost). A single divot was created in each compartment and one seed was placed into each divot. The seed was covered with soil and the latter was contaminated with 1 ml of a 250 µg ml −1 aqueous solution of VX, EMPA or MPA. This concentration was chosen for safety reasons and to allow rigour in measurement of sensitivity and detection limits. All three soil types were contaminated with VX while loam was contaminated separately with EMPA and MPA. The soil was watered with local borehole water (10 ml) immediately and then at 24 h intervals. The trays were placed under a lighting system (EvoLux Bright-Wing Mother Clone Lights, Growell, UK) that provided 38 400 lumens covering an area of 240 × 240 cm and on a timing system to provide 10 h of light every 24 h. Ten plants were harvested at each of four time intervals (8, 16, 33 and 45 days) . The plants were cut at the soil surface ready for plant sample preparation.
(c) Plant sample preparation
The plant samples were pulverized using a pestle and mortar and extracted with ethanol (4 ml, 96% v/v, BDH AnalaR, VWR International Ltd., West Sussex, UK) and the pestle and mortar rinsed with ethanol (3 × 2 ml). The combined extracts were filtered using a 0.45 µm nylon filter (Whatman, Kent, UK) and concentrated under nitrogen gas to a volume of 1 ml. An aliquot (100 µl) of this solution was analysed by LC-MS (Q-ToF, Agilent), while another aliquot (100 µl) was dried at 35 • C for 2 h using a SpeedVac (Thermo Scientific Ltd., UK). Derivatization was performed using N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide and 1% tert-butyldimethylchlorosilane (t-BDMCS, 50 µl; Sigma-Aldrich Ltd.), pyridine (5 µl; Pierce, silylation grade) and acetonitrile (45 µl; Thermo Scientific Ltd., silylation grade). The solution was heated at 100 • C for 30 min (Regis Technologies Inc., IL, USA) and analysed by GC-MS. 
(f) Soil pH measurement
Ultra-high purity water (10 ml) was added to the soil matrix (10 g) and the mixture was vortexed for 2 min, and then left for 12 h. The pH was measured using Fisherbrand pH-Fix 0-14 pH strips (FB33003; Fisher Scientific Ltd., Loughborough, Leicestershire, UK). An aliquot of each aqueous soil extract was pipetted onto a pH strip. The pH of loam and sandy soils was 6.5, while the pH of the clay soil was 9.0. The pH of the sandy soil was similar to a literature value [28] . Nerve agents that degrade may become less toxic or harmless, while those that move elsewhere may endanger the operator performing the sampling. Nerve agents and related compounds can leave soil by volatilization, but in the case of VX and its hydrolysis products, this is unlikely as the latter have very low vapour pressures [17, 29, 30] . The uptake of nerve agents and their degradation products depends on the type of soil containing the nerve agent. Soils are classified according to the proportion of mineral particles of different sizes present. Nerve agents absorb rapidly onto soil particles. Generally, the smaller the particles the longer a nerve agent persists due to absorption over a larger surface area. However, the relationship between particle size and persistence in soil is complex, because persistency depends on the organic content, clay content and pH [17, [31] [32] [33] . Organic matter in soil varies from 1% to more than 50% and an increasing amount usually increases persistency. Most soil organic matter comprises humic compounds that have a high cation exchange capacity. These compounds have amino, carboxyl and hydroxyl groups that provide hydrogen bonding sites for nerve agents [34] . These characteristics provide the capacity for absorption and increased persistence. The smallest particles in soil (0.002 mm) are defined as clay and soils with greater than 40% clay particles are called clay soils. Such soils have a larger internal surface area available for absorption of nerve agents. The soil pH influences the nerve agent hydrolysis rate.
In the previous study [23] , S. alba was grown in VX-spiked loam, and VX was found to increase in the plants up to day 9 and then fall by day 28. A similar trend for the degradation products EMPA and MPA was observed. The amount of VX in the soil remained constant until day 9, fell by day 16 and declined further by day 28 (agreeing with other studies of VX on soil [31] [32] [33] where VX hydrolysis, once started, is autocatalytic [35] ). Thus, the VX amount in the white mustard increased while VX was available in the loam for uptake, but decreased as the VX amount in the loam diminished [23] . The plants grown on the VX-spiked loam contained EMPA (minor product) and MPA (major product) at days 5, 9, 16 and 28 in a distribution pattern mirroring that of VX in the same plants. However, while VX was absent at day 28, EMPA and MPA were present. Several interpretations were advanced: (i) S. alba absorbed VX and metabolized it to EMPA and MPA, (ii) it absorbed VX, EMPA and MPA present in the loam or (iii) both possibilities occurred. At that stage, it was impossible to determine a mechanism that accounted for the presence of all three analytes inside the plant. EMPA and MPA are difficult to detect in soils of high organic content, such as loam, owing to their absorption and retention. This was confirmed by a soil spiking study where EMPA and MPA were added to the loam and extracted by two techniques: (i) with ethanol or (ii) by basification of the sample, extraction with ultra-high purity water and derivatization. In both instances, it was not possible to detect EMPA and MPA, but this did not necessarily signify their absence from the loam, nor did it explain their presence in the plant.
The experiments showed that S. alba could act as a time capsule whose analysis could provide molecular evidence for the prior presence of VX. But for how long? Could the window for the extraction of such evidence be extended beyond day 28? Would it depend on the nature of the soil in which the plants were grown? If so, confirming nerve agent use under field conditions might be hit-and-miss and depend on the soil type, limiting detection to specific geographical regions. Using plants to indicate illegal production or use of nerve agents should apply to all parts of the world for maximum attribution and deterrence.
To answer these questions, and to build confidence in the plant concept for detecting nerve agent use, we extended our original study, where S. alba was grown in VX-spiked loam for 28 days, to experiments with the same species in sand, loam or clay, grown this time for 45 days. Ten plants were cultivated in each soil type spiked with 1 ml of a 250 µg ml −1 aqueous solution of VX. The seeds/seedlings were given 10 ml of water immediately and the same volume thereafter every 24 h, and each day were illuminated for 10 h. The plant stems were cut at the soil surface after 8, 16, 33 and 45 days, pulverized and extracted with ethanol (previously they were frozen and stored at −40 • C until the experiment was complete [23] ). variation (possibly because containers housing seedlings in sandy soil retained water less than those containing loam or clay, and dried out more easily, affecting root hydration and VX uptake). The initial absorption of VX on day 8 appeared most efficient in sand, less efficient in loam (consistent with previous experiments) and least efficient in clay, following the order predicted by consideration of the soil structures and their chemical retention properties. The new data confirm that organic matter and clay content in soil influence the initial absorption of VX. Some variation in VX absorption by plants grown in each soil may also reflect different root development therein.
While the initial uptake of VX by plants grown in different soils showed a large variation, by days 16, 33 and 45 the uptake in sand, loam and clay converged and followed the same course. The initial uncertainty in the data is most probably due to natural variation between plants at the early time points and differences in extraction from a complex matrix. 45 days implies that leaching of VX from the soil upon daily watering is relatively unimportant (leaching would be expected to vary for the different soils, yet the VX uptake profiles by the plants after day 16 tracked one another). In a similar study examining the absorption by S. alba of a seed dressing of the insecticide phorate (EtO) 2 P(S)SCH 2 SEt, which bears some structural resemblance to VX, young and old leaves absorbed the insecticide continually from the soil to maintain insecticidal activity (phorate did not translocate from old to new leaves, old leaves lost their toxicity more slowly than young ones, and the plants quickly lost toxicity once transplanted, implying continuous absorption) [27] .
In our experiments, GC-MS analysis of derivatized ethanol extracts of S. alba grown in VX-spiked soils revealed the plants to contain, in addition to VX, both EMPA and MPA (figure 3b,c). Considerable variation was again evident, making statistically significant conclusions on EMPA and MPA amounts versus soil composition difficult to draw. The only clear relationship was MPA content versus soil type on day 16-45, where the MPA amount in plants grown in clay rose from approximately 50 ng to approximately 180 ng per plant, but rose only slightly (approx. 50 ng to approx. 80 ng per plant) during the same time interval in plants grown in loam or soil. To explain these differences, further experiments were conducted to see whether plants grown separately in EMPA-or MPA-spiked soil absorbed these phosphonic acids. These experiments are described next.
(b) Plant phosphonic acid detection
Ten plants were grown in loam spiked with 1 ml of a 250 µg ml −1 aqueous solution of EMPA or MPA and cultivated, processed, extracted and analysed as before. No EMPA was detected in any of the plants grown in loam spiked with EMPA (data not shown), yet plants grown in MPA-contaminated loam absorbed MPA (figure 4). The profile of absorption-greatest by day 8, decaying to day 33-was similar to that observed for VX (figure 3a).
(c) Plant chemical distribution
Sinapis alba plants grown on VX-contaminated soil were found to contain VX, EMPA and MPA for at least 45 days. Plants grown on EMPA-contaminated soil did not contain measurable EMPA, while plants grown on MPA-contaminated soil, contained MPA. These data suggest that the EMPA detected in extracts from plants grown in soil containing VX originated from metabolism of VX (figure 5). The mechanism of metabolism is unknown: we were unable to find any reports hinting that S. alba or related species contain OP hydrolase enzymes (many plant species have cholinesterase in their roots and leaves, but this is expected, based on one study with diisopropyl phosphorofluoridate, (i-PrO) 2 P(O)F, to bind the OP nerve agent irreversibly [36] , rather than act hydrolytically). Why VX and MPA are absorbed by the roots, but EMPA is not, is puzzling. Both VX and MPA have systemic action: they are absorbed, translocated, metabolized and/or stored by the plant. A positive correlation sometimes exists between the water solubility of a substance or the octanol-water partition coefficient (log K ow ) and its systemic activity [37] . Unlike the leaves and stem, the roots do not have a waxy cuticle and therefore absorb hydrophilic compounds more easily than hydrophobic compounds. Translocation from the roots occurs through the flow of the plant nutrients in xylem tissue and lateral diffusion is limited. For compounds to move in plant sap, sufficient water solubility is required, at least after biotransformation. The roots are expected to be the major organ of absorption of the OP compounds studied-however, as the plants were grown from seed in contaminated loam, it is probable that some absorption by the seeds through the micropyle and hilum can occur, and throughout germination and early growth (contamination of the cotyledons as they emerge through soil). VX contains a tertiary amino group (pK a 9.4 at 25 • C [38] ) that is protonated in water at pH < 8.0 [39] and therefore the cationic form is the one most likely to be absorbed and translocated by a plant in the loam and sandy soils (pH 6.5, 100% protonated VX) and the neutral form in the clay soil (pH 9.0, 72% protonated VX). EMPA and MPA contain the P−OH bond which ionizes in water [17] and therefore these molecules will exist in soil in their anionic form. Without further experimental data, it is difficult to explain why EMPA is not absorbed by S. alba and why MPA is. Helpful clues are difficult to glean from the literature; ethyl n-propylphosphonic acid EtO(n-Pr)P(O)OH (NIA 10637) retards plant growth, while compounds of structure RP(O)(OH) 2 , typified by the weedkiller glyphosate, HO 2 CCH 2 NHCH 2 P(O)(OH) 2 , are absorbed readily [40] . No correlation between the water solubilities and log K ow values of the OP compounds of interest and uptake by white mustard exists (table 1). Why EMPA is not absorbed, but iPMPA is absorbed (separate study [23] ), remains mysterious. EMPA is less stable than iPMPA in soil; the half-lives are 8 days and more than 1900 years [17] . About 50% of EMPA applied to humic sand hydrolysed to MPA in 8 days [32] . iPMPA resists hydrolysis more than EMPA and persists for longer. Lack of detection of EMPA in S. alba grown in EMPA-spiked loam, but detection of iPMPA in the same species grown in iPMPA-spiked loam [23] , is unlikely to reflect differences in the rates of hydrolysis (as both analytes persist in the soil for at least 8 days). Sinapis alba therefore appears to absorb selectively certain alkyl methylphosphonic acids, but not others.
Another factor affecting the distribution of chemicals in S. alba grown on VX-contaminated soil is the pH. VX hydrolyses more readily under basic conditions than under acidic conditions. The pH of the soils studied decreased in the order: clay (pH 9.0) > loam ∼ sand (pH 6.5). Hydrolysis of VX in clay soil is expected to occur faster than in loam or sandy soil, resulting in extra MPA in clay available for uptake. This explains why after day 16 more MPA was detected in plants grown in clay soil compared to those grown in loam or sand (figure 3c). The MPA that accumulated in plants grown in the VX-contaminated soils arose presumably from a combination of metabolic breakdown of VX and uptake of MPA from the soil after VX hydrolysis. The fate of the VX side-chain was not determined; the side-chain detaches as the thiol HSCH 2 CH 2 N(i-Pr) 2 during hydrolysis under aerobic conditions and oxidizes to the disulfide, which is stable in the environment [17, 33] . Parallels can be drawn between our results and those from experiments with wheat (Triticum sativum) grown in hydroponic medium spiked with soman [19] . In these, a 'steady state', where the rate of uptake of soman was balanced by the rate of hydrolysis of soman to PMPA, was indicated (cf. VX uptake by S. alba grown in different soils). The PMPA degraded to MPA. In this case, this transformation was slow, possibly because of poor circulation of PMPA within the plant, or a lack of suitable enzyme activity. The fate of MPA in the plant was not established. The metabolism of nerve agents in plants evidently does not differ, at least in its early stages, to that in animals, including humans. The phosphonic degradation products are of low or negligible acute toxicity compared to the parent nerve agent.
(d) Sinapis alba cultivation in a fume cupboard Growing S. alba or any other plant from seed in soil contaminated with highly toxic chemicals such as VX is not without challenge. The use of such chemicals necessitates that the plants are cultivated in a fume cupboard for safety reasons. The constant airflow-0.5 m s −1 in our experiments-and extra lighting system required increase transpiration from the plant and evaporation of water from the soil. Dehydration is most severe when sandy soils are used as these retain water less than loam or clay. Care must be taken to ensure the plants do not desiccate over the protracted course of the experiment. We observed that S. alba specimens inside the fume cupboard grew more slowly than those grown outside the fume cupboard, and had a lower biomass, consistent with the results of a study on the effect of windspeed on white mustard growth: measurements of white mustard plants grown in tunnels at wind speeds of 0.3, 2.2 and 6.0 m s −1 for 42 days were made, and the higher the wind speed, the poorer the growth [42] . No evidence of reduced photosynthesis with increasing wind speed was found; the wind stunted growth due to mechanical effects. In our experiments, the same effects operated. This should be accommodated when assessing S. alba as a chemical agent detector: in the wild a more fluid growth might improve analyte absorption and detection performance.
(e) Sinapis alba as a nerve agent detector
Sinapis alba belongs to the family Brassicaceae and is an alternative oilseed crop for dry and low rainfall climates. It is pest-resistant and has a short growing season. Heat and drought tolerance are superior compared with rapeseed (Brassica napus) or canola (Brassica rapa). It produces twice as many seeds as canola in regions receiving less than 30 cm of rainfall per year [43] . Sinapis alba has roots that penetrate soil deeply: over 50% of all moisture is absorbed from below a depth of 150 cm [43, 44] . In studies of phorate uptake by white mustard, the depth of sowed seed did not affect insecticide uptake [27] , but this may be different in the field. In arid areas, the roots grow less extensively near the soil surface and nerve agents deposited on the surface might become slightly less accessible. Despite this, there are many advantages of S. alba as a nerve agent detector: it (i) has a wide geographical range, (ii) grows in all soil types, (iii) out-competes many weed species, (iv) self-seeds and spreads and (v) tolerates different climates. We have shown that it can absorb VX and signature compounds associated with sarin from soil [23] . Evidence for the prior presence of VX in soil can be downloaded from the plant at least 45 days after application.
In investigations of allegations of use, such as those completed recently by the United Nations in the Syrian Arab Republic [4] , evidence of a sarin attack in Ghouta on 21 August 2013 was obtained by analysis of soil samples by two OPCW designated laboratories. To the best of our knowledge, no vegetation was submitted for analysis. Guidance for personnel performing identification to support NATO operations recommends submitting samples, including vegetation, to a laboratory for analysis [45] . However, no body of work has accumulated so far to suggest that analysis of vegetation could provide evidence of chemical warfare. In this paper, we have demonstrated that S. alba can store evidence of nerve agent use that can be accessed later. Plants absorbing nerve agents will be toxic to insects and therefore pest-resistant, and uptake of the chemical agent shields it from weathering. With sufficient scientific knowledge the metabolites found in the plant at a certain time might indicate the date the chemical agent was used. Also, any change in plant physiology after nerve agent absorption might enable the use of the agent to be detected by remote sensors [46, 47] .
(f) Sinapis alba as a nerve agent remediator
The use of sarin within the Syrian Arab Republic has left a toxic environmental legacy. One solution to remediate the contaminated land might be to cultivate S. alba on it. The plant grows well in the Middle East [48] and achieves impressive coverage. In an outdoor trial, S. alba spaced by 15 cm produced the greatest yield of seed, and the projected population of plants this distance apart in 20 cm rows, was estimated at more than 300 000 per hectare [43] . The crop can be harvested and destroyed or returned to the soil to allow cultivation of a second crop. Each generation of plants will destroy a proportion of the nerve agent until it is fully depleted. It might also be possible to genetically engineer plants to hydrolyse nerve agents more efficiently [49, 50] .
Conclusion
S. alba grown in VX-spiked clay, loam or sandy soil absorbed VX via the roots. The different soils moderated the rate of initial uptake but not the longer term uptake: the duration the VX was detectable in the plant was the same regardless of the soil type. The plants metabolized the VX to EMPA and MPA. The MPA found in the plants increased when they were grown in VX-spiked clay. No EMPA was detected in the plants grown in EMPA-spiked loam. The MPA profile in plants grown in MPA-spiked loam matched the MPA profile in plants grown in VX-spiked loam. VX, EMPA and MPA were detected in the plants for up to 45 days after sowing the white mustard seeds. The data suggest that the EMPA found in the plants grown in soil contaminated with VX originated from metabolism of VX.
The method described for detecting nerve agent residues in the environment will help the OPCW and CWC member states confirm their presence in future. The localized sample and simple extraction procedure will increase the probability of discovering nerve agent use. The ability of plants such as S. alba to absorb nerve agents and sufficient marker compounds protects against the removal of evidence of use, as CWAs can leach from soil over time. It also suggests that green manures might be useful for remediating nerve agent-polluted sites.
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